Abstract: Despite the technological importance of silicon quantum dots (Si QDs) which are solely made of abundant and nontoxic Si, Si-QD light-emitting diodes (LEDs) clearly lag behind those based on other QDs, especially Cd-or Pb-containing QDs. It is imperative that novel measures should be taken to boost the performance of Si-QD LEDs. Here, we demonstrate that Si-QD LEDs can work much more efficiently after the use of interlayers between indium tin oxide (ITO) and poly(ethylene-dioxythiophene):polystyrene sulphonate (PEDOT:PSS) to enhance the hole transport of the devices. The interlayer of dipyrazino (2, 3-f:2 , 3 -h) quinoxaline-2, 3, 6, 7, 10, or MoO 3 increases the work function of ITO and improves the band alignment, leading to better hole injection from ITO to PEDOT:PSS. The resulting mitigated charge unbalance causes both the external quantum efficiency (EQE) and stability of Si-QD LEDs to significantly increase (up to ∼170% for EQE and ∼240% for device half-lifetime). The highest EQE of ∼2.4% obtained in the current work is among the best values that have been reported for Si-QD LEDs. Even without encapsulation, the device half-lifetime is up to ∼8.5 h. The enhancement of the hole transport induced by MoO 3 is more significant than that induced by HAT-CN. Therefore, MoO 3 more significantly enhances the performance of Si-QD LEDs than HAT-CN.
Introduction
Efficient light emission from silicon (Si) has been strenuously pursued to enable the continuous development of Si-dominated microelectronics via Si photonic [1] and broaden the use of Si to-wards optoelectronics [2] , and biomedicine [3] , [4] . Despite the indirect bandgap that limits the light emission efficiency of bulk Si, light-emitting diodes (LEDs) based on bulk Si with external quantum efficiency (EQE) up to 1% have been demonstrated [5] , [6] . It is well known that Si quantum dots (QDs) are the most efficient Si light emitters [7] - [12] , given their strong quantum confinement effect, which leads to quasi-direct bandgaps for Si [13] , [14] . Therefore, it is highly expected that high-efficiency Si light-emitting devices such as LEDs would be realized by using Si QDs [15] .
Si-QD LEDs were initially fabricated with Si QDs embedded in porous Si [16] . It was subsequently realized that Si QDs dispersed in the matrices of SiO 2 , Si 3 N 4 and SiC could also be employed in LED structures [17] - [23] . However, all the Si-QD LEDs often suffered from rather low EQEs and quite high turn-on voltages. One of the main factors that limited the performance of these Si-QD LEDs were the poor charge transport in the Si-QD-containing layers, which were rather porous or had large energy barriers between Si QDs and matrices. It is interesting that the recent development of colloidal Si QDs has greatly facilitated the charge transport in Si-QD LEDs. On one hand, compact Si-QD films may be formed by simple processes such as spin coating. On the other hand, appropriate electron transport layers (ETLs) and hole transport layers (HTLs) can be chosen to lower the energy barriers for electrons and holes injected into Si QDs. Hence, encouraging progress on the development of Si-QD LEDs has been made by using colloidal Si QDs [24] - [29] .
It is well known that charge balance is critical to the high performance of LEDs based on the HTL/QD/ETL structures [30] , [31] . Up to now, zinc oxide (ZnO) nanocrystal films have been very popular ETLs because of their high electron mobility (∼ 2 × 10 3 cm
- [35] . Both organic and inorganic p-type semiconductors have been used as HTLs for QD LEDs [36] , [37] . However, their hole mobilities are usually 1-3 orders of magnitude lower than that of ZnO nanocrystal films [38] , [39] . This leads to unbalanced electrons and holes in QDs, reducing the device performance. Dai et al. [40] inserted an insulating layer between ZnO nanocrystals and II-VI QDs to slow down the electron transport, while Jiang et al. [41] adopted double HTLs to enhance the hole transport in II-VI-QD LEDs. It is clear that both measures can contribute to the charge balance, improving the device performance. In this work, we propose an alternative route to enhance the hole transport by incorporating interlayers between widely used indium tin oxide (ITO) and poly(ethylenedioxythiophene): polystyrene sulphonate (PEDOT:PSS). The starting device structure is ITO/ PE-DOT:PSS /Poly(N,N'-bis(4-butylphenyl) -N,N'-bis(phenyl)-benzidine)(Poly-TPD)/Si-QD/ZnO/Ag. A dipyrazino (2, 3-f:2', 3'-h) quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAT-CN) or MoO 3 film with rather low highest occupied molecular orbital (HOMO) is inserted between ITO and PEDOT:PSS. It is found that the work function of ITO increases after the insertion of the interlayer of HAT-CN or MoO 3 . The compromise between the increase of the ITO work function and the interlayer-induced additional series resistance gives rise to the optimum hole transport in our Si-QD LEDs. The interlayers of ∼5 nm thick HAT-CN and ∼3 nm thick MoO 3 have led to the maximum enhancement of the EQE of our Si-QD LEDs by ∼22% and 170%, respectively. MoO 3 can more effectively mitigate the charge unbalance than HAT-CN. Therefore, the increase of the device stability induced by MoO 3 is also more significant than that induced by HAT-CN.
Experimental Details
To fabricate Si-QD LEDs, ITO-coated glass substrates were sonicated in detergent, deionized water, acetone and isopropanol for 15 min each in sequence. After drying the ITO-glass substrates were treated with oxygen plasma for 20 min to remove the residual organics and tune their surface hydrophilicity. HAT-CN/MoO 3 interlayers were deposited on ITO in a high-vacuum thermal evaporation system at the rate of 0.1-0.2Å/s. PEDOT:PSS solutions (PVP Al 4083, filtered by a 0.45 µm N66 filter) were spin-coated onto the HAT-CN/MoO 3 interlayers at the speed of 4000 r/min for 60 s and baked at 140°C for 20 min in air. The PEDOT:PSS and interlayer-coated ITO/glass substrates were subsequently transferred into an argon-filled glove box (O 2 <1 ppm, H 2 O<1 ppm), in which Poly-TPD (in chlorobenzene, 6 mg/ml), Si QDs (in octane, 15 mg/ml) and ZnO nanocrystals (in ethanol, 40 mg/ml) were deposited in sequence by spin coating. The Poly-TPD and ZnO layers were each spin coated at the speed of 2000 r/min for 45 s and baked at 110°C for 20 min. The Si-QD layer was spin coated at the speed of 2000 r/min for 60 s and baked at 110°C for 30 min. Finally, 150 nm thick Ag electrodes were deposited by using the high vacuum thermal evaporation system at the rate of 2-3Å/s. The light-emitting area of Si-QD LEDs is 4 mm 2 . To evaluate hole transport, hole-only devices with HAT-CN/MoO 3 interlayer were also fabricated.
A scanning Kelvin probe (KP Technology, SKP5050) was used to measure the work functions of ITO with the HAT-CN/MoO 3 interlayers. The resolution of the Kelvin probe measurements was 1-3 meV. Fifty data points were collected to obtain good statistics in each Kelvin probe measurement. The cross-sectional TEM samples of Si-QD LEDs with interlayers were prepared by using a focused ion beam (FIB) system (FEI Quata 3D FEG). All the TEM images of Si-QD LEDs were obtained by using a 100 kV transmission electron microscope (JEOL, JEM-2100F). The J-V characteristics of Si-QD LEDs were measured by a source meter (Keithley 2400). The optical power density of each Si-QD LED was gauged by a power meter (Newport1931-C) coupled with a Newport 818-UV photodetector. The EL spectra of Si-QD LEDs were collected by an Edinburgh Instruments spectrometer (F920).
Results and Discussion
Si QDs used in the current work are initially synthesized by nonthermal plasma [42] , [43] . The surface of Si QDs is then hydrosilylated with 1-dodecene. Fig. 1(a) shows a low-resolution transmission electron microscopy (TEM) image of Si QDs, which are obtained by drop-casting the Si-QD solution on a TEM grid. It is clear that individual Si QDs are readily observed, indicating the excellent dispersion of Si QDs in octane. The crystallinity of Si QDs is evidenced by the selected area electron diffraction [see the inset of Fig. 1(a) ]. Fig. 1(b) representatively shows the high-resolution TEM image of a Si QD. The lattice fringes of the Si QD are very clear. Statistical analysis on the TEM images indicates that Si QDs are ∼3.1 nm in diameter on average with a standard deviation of ∼0.4 nm, as shown in Fig. 1(c) . Fig. 1(d) shows the photoluminescence (PL) from Si QDs under the excitation of 350 nm light. The peak of the PL intensity appears at the wavelength of ∼740 nm (the energy of ∼1.7 eV), consistent with the quantum confinement effect of ∼3.1 nm Si QDs [43] - [45] . The quantum yield of the PL from Si QDs is ∼31%. The inset of Fig. 1(d) shows a photograph of Si QDs dispersed in octane under the illumination of a ∼365 nm ultraviolet lamp. The light emission from Si QDs is clearly seen.
To fabricate Si-QD LEDs, we start with the ITO/PEDOT:PSS/Poly-TPD/Si-QD/ZnO/Ag structure with glass as the substrate, as schematically shown in Fig. 2(a) . Poly-TPD and ZnO are the HTL and ETL, respectively. PEDOT:PSS is the conventional material to facilitate the hole injection from ITO [46] . Fig. 2(b) shows the flat-band energy-level alignment of the ITO /PEDOT:PSS /Poly-TPD/ Si-QD/ZnO/Ag structure. In this structure the energy levels of all the layers are well known [40] except for the Si-QD layer. According to the Buuren et al.' work on the quantum confinement effect of Si QDs [47] , we have determined that the conduction band minimum and valance band maximum are at −3.8 and −5.5 eV for Si QDs with the diameter of ∼3.1 nm, respectively. From Fig. 2(b) we can see that for the ITO/PEDOT:PSS/Poly-TPD/Si-QD/ZnO/Ag structure the largest energy barrier of ∼0.4 eV for charge transport actually appears between ITO and PEDOT:PSS. The energy barrier between ITO and PEDOT:PSS should contribute to the inefficient hole injection, aggravating the charge unbalance in our devices. Therefore, the improvement of the hole injection from ITO would be very desirable for the increase of the device performance through charge balance. It has been demonstrated that HAT-CN and MoO 3 may facilitate the hole injection because of their rather low HOMOs [48] . This inspires people to usually replace PEDOT:PSS with HAT-CN or MoO 3 on ITO [49] - [55] . We have found that the simple replacement of PEDOT:PSS with HAT-CN or MoO 3 on ITO is short of enhancing the performance of Si-QD LEDs. In contrast, the insertion of a HAT-CN or MoO 3 interlayer between ITO and PEDOT:PSS can effectively enhance the hole transport and thus the performance of our Si-QD LEDs [see Fig. 2(a) ]. Fig. 2(c) shows a typical Si-QD LED structure with an interlayer between ITO and PEDOT:PSS, which is observed by cross-sectional TEM. In this particular case a ∼3 nm thick MoO 3 interlayer can be seen after zooming in the transition area between ITO and PEDOT:PSS. Fig. 3(a) ]. With the increase of the thickness of HAT-CN, J decreases and then rebounds for turned-on devices. It is known that the measured current density of a diode is related to both diffuse current density and recombination current density. At a given voltage the measured current density actually decreases as the recombination current density increases [56] . The lowest current density indicates that the recombination current density reaches the maximum. Since the recombination current mainly corresponds to the electron-hole recombination in Si QDs, we may infer that the Si-QD LED with ∼5 nm thick HAT-CN the most efficiently emits light given its lowest measured current density. Fig. 3(b) shows the optical power density (P) of Si-QD LEDs with HAT-CN interlayers. It is clear that P starts saturation at a higher voltage when the HAT-CN interlayer is thicker. Although the saturated P remains to be ∼0.018 mw/cm 2 , irrespective of the HAT-CN thickness, the unsaturated P decreases with the increase of the HAT-CN thickness. If we define that the the turn-on voltage (V T ) of a Si-QD LED corresponds to ∼10 nw/cm 2 optical power density [24] , the value of V T increases from 5.2 to 6.4 V when the thickness of HAT-CN increases from 0 to 10 nm. From J and P, we can work out the external quantum efficiency (EQE) of a Si-QD LED by using the following equation:
where q is the charge of an electron, E is the energy of a photon emitted by the Si-QD LED. Here, we assume that E is 1.7 eV. The calculated values for EQE are shown in Fig. 3(c) . For all the EQE curves, we have observed the so-called efficiency roll-off, which is induced by hot carrier trapping at the QD surface or reduced electron-hole wave function overlap at high electric field [57] . The change of the maximum EQE with the HAT-CN thickness of a Si-QD LED basically shows the trend similar to that of J. This means that the change of EQE is dominated by the variation of J. For the Si-QD LED with ∼5 nm thick HAT-CN the maximum EQE of ∼1.1% is obtained [see Fig. 3(c) ], which is ∼22% higher than that of the original device without the use of HAT-CN. Fig. 3(d) shows the electroluminescence (EL) of the most efficient Si-QD LED with ∼5 nm thick HAT-CN. With the increase of voltage, the EL intensity increases, consistent with the change of the optical power intensity [see Fig. 3(b) ]. Please note that the EL peaks around 740 nm as the PL from Si QDs does. This indicates that the light emission from the Si-QD LED indeed originates from Si QDs. We have taken a photograph of the Si-QD LED with ∼5 nm thick HAT-CN operating at a voltage of 12 V, as shown in the inset of Fig. 3(d) . The efficient light emission from the device is readily seen.
The characterization results for Si-QD LEDs with MoO 3 interlayers are shown in Fig. 4 . The dependence of J on the thickness of MoO 3 is similar to what happens to HAT-CN [see Fig. 4(a) ]. The lowest turned-on current density is obtained with ∼3 nm thick MoO 3 . P also starts saturation at a higher voltage as the MoO 3 interlayer becomes thicker [see Fig. 4(b) ]. It is found that the saturated P decreases with the increase of MoO 3 thickness except for the device with ∼3 nm thick MoO 3 , which leads to the saturated P of ∼0.019 mw/cm 2 . The V T increases from 5.2 to 6.8 V as the MoO 3 thickness increases from 0 to 7 nm [see Fig. 4(b) ]. The maximum EQE of ∼2.4% is obtained when ∼3 nm thick MoO 3 is used [see Fig. 4(c) ]. This corresponds to an increase of ∼170% in EQE compared with the original EQE of the device without any interlayers. The current EQE of ∼2.4% is among the best EQE values of Si-QD LEDs that have been reported so far [24] - [26] , [29] . Fig. 4(d) shows the EL of the Si-QD LED with ∼3 nm thick MoO 3 . More intense EL from Si QDs is measured as the operating voltage increases. The rather efficient light emission from the device is exemplified by a photograph taken at an operating voltage of 12 V [see the inset of Fig. 4(d) ]. Now we explain why HAT-CN and MoO 3 effectively enhance the EQE of Si-QD LEDs. Fig. 5(a) and (b) show the J-V curves for HAT-CN-based and MoO 3 -based hole-only devices (ITO/ HAT-CN/PEDOT:PSS/Poly-TPD/Si-QD/Au and ITO/MoO 3 /PEDOT:PSS/Poly-TPD/Si-QD/Au), respectively. When the devices are turned on, the interlayer-thickness dependence of the hole current density is consistent with that of the measured current density for Si-QD LEDs. This implies that both HAT-CN and MoO 3 can modulate the device current by optimizing the hole transport. It is evident that ∼3 nm thick MoO 3 can more efficiently enhance the hole transport than ∼5 nm thick HAT-CN by comparing their corresponding hole current densities in Fig. 5(a) and (b) . For instance, at a voltage of 12 V the hole current density of the device with ∼5 nm thick HAT-CN is ∼3.3 mA/cm 2 , while that of the device with ∼3 nm thick MoO 3 is ∼7.5 mA/cm 2 . Thus, the hole current density enabled by MoO 3 may be closer to electron current density than that enabled by HAT-CN. It is the more balanced hole/electron transport that leads to the more pronounced increase in the EQE of Si-QD LEDs with MoO 3 interlayers.
We have found that HAT-CN and MoO 3 interlayers actually modify the work function of ITO (W A ), as shown in Fig. 5(c) . The deposition of both HAT-CN and MoO 3 gives rise to the increase of W A . This results in better band alignment between ITO and PEDOT:PSS, enhancing the hole injection from ITO to PEDOT:PSS. Since the increase of W A is more significant for MoO 3 than that for HAT-CN, the hole current density of MoO 3 -based devices is larger than that of HAT-CN-based devices [see Fig. 5(a) and (b) ]. W A initially increases with the increase of the HAT-CN/MoO 3 thickness. But it is stabilized around 4.9 eV (5.0 eV) when the HAT-CN (MoO 3 ) thickness increases beyond 5 nm (3 nm). HAT-CN and MoO 3 are known as strong acceptors due to their rather low HOMOs. When HAT-CN (MoO 3 ) is deposited onto the ITO substrate, there will be charge redistribution around the interface because of the work function difference. Some electrons transfer from ITO to HAT-CN (MoO 3 ) and a dipole layer is formed, leading to an upward shift of the vacuum level (VL) [58] . Thus, the increase of W A is observed. However, the VL shift tends to be constant with the further deposition of HAT-CN (MoO 3 ), giving rise to stabilized W A . Once W A hardly increases with the further increase of the interlayer thickness, the interlayer-induced increase in the series resistance may play a prevailing role to reduce the hole transport. Therefore, we see that both the largest hole current density and the maximum EQE appear at the HAT-CN (MoO 3 ) thickness of ∼5 nm (3 nm) for Si-QD LEDs.
Finally, we would like to mention the interlayer-enabled high stability of Si-QD LEDs. The decays of P at the operating voltage of 8 V have been compared among Si-QD LEDs without any interlayer, with ∼5 nm thick HAT-CN and with ∼3 nm thick MoO 3 , as shown in Fig. 5(d) . It can be seen that the half lifetime (T 50 ) of the Si-QD LED without any interlayer is ∼2.5 h. T 50 increases to ∼6.0 h for the Si-QD LED with ∼5 nm thick HAT-CN, while it increases to ∼8.5 h for the Si-QD LED with ∼3 nm thick MoO 3 . It is well known that unbalanced charge is one of the key factors that limit the stability of QD LEDs [59] . The HAT-CN/MoO 3 -induced enhancement of hole transport helps mitigate the charge unbalance of Si-QD LEDs. Therefore, the stability of Si-QD LEDs is greatly improved after the incorporation of HAT-CN and MoO 3 interlayers by up to ∼240%. It is worth mentioning that the best previously reported T 50 of ∼4 h was obtained for encapsulated Si-QD LEDs [26] . It is clear that our current Si-QD LEDs can work more than two times longer than previous ones even without encapsulation. Clearly, our device stability may be further improved after encapsulation.
Conclusion
In conclusion, we have demonstrated the fabrication of high-performance Si-QD LEDs by incorporating the interlayer of HAT-CN or MoO 3 between ITO and PEDOT:PSS. The work function of ITO increases after the deposition of both HAT-CN and MoO 3 , leading to better hole injection from ITO to PEDOT:PSS. It is found that ∼5 nm (3 nm) thick HAT-CN (MoO 3 ) the most effectively enhances the hole transport of Si-QD LEDs, leading to the highest EQE of ∼1.1% (2.4%) and the best device half lifetime of ∼6 h (∼8.5 h) even without encapsulation. The enhancement of the hole transport induced by MoO 3 is more significant than that induced by HAT-CN. This means that MoO 3 -based Si-QD LEDs have better charge balance than HAT-CN-based ones. Therefore, the interlayer of MoO 3 more significantly enhances the EQE and stability of Si-QD LEDs than the interlayer of HAT-CN. Given the fact that ITO/PEDOT:PSS is routinely used in all kinds of device structures for hole injection, our current successful use of interlayers between ITO and PEDOT:PSS should be well extended to improve the performance of a series of important devices such as other types of QD optoelectronic devices [60] , organic LEDs [61] , and solar cells [62] , [63] .
